In regard to the rapid development of renewable energy sources, more and more photovoltaic (PV) generation systems have been connected to main power networks, and it is critical to enhance their transient performance under short-circuit faults conditions. This paper proposes and studies the coordinated control of a flux-coupling-type superconducting fault current limiter (SFCL) and a superconducting magnetic energy storage (SMES), to improve the fault ride through (FRT) capability and smooth the power fluctuation of a grid-connected PV generation system. Theoretical analyses of the device structure, operating principle and control strategy are conducted, and a detailed simulation model of 100 kW class PV generation system is built in MATLAB/SIMULINK. During the simulations of the symmetrical and asymmetrical faults, the maximum power point tracking (MPPT) control is disabled, and four different cases including without auxiliary, with SFCL, with SMES, and with SFCL-SMES, are compared. From the demonstrated results, the combination of without MPPT and with SFCL-SMES can more efficiently improve the point of common coupling (PCC) voltage sag, inhibit the DC-link overvoltage and alleviate the power fluctuation. Finally, a preliminary parameter optimization method is suggested for the SFCL and the SMES, and it is helpful to promote their future application in the real PV projects.
Introduction
Owing to the continuous increase in energy demands, black-outs, and environmental concerns regarding global warming, renewable energy sources have attracted more and more attention throughout the whole world to replace traditional fossil energy sources and achieve sustainable socio-economic development [1] [2] [3] [4] . As a representative renewable energy source, photovoltaic (PV) generation technology will undoubtedly play an important role in the electricity conversion, and lots of grid-connected PV generation systems are expected to sell their generated power with advantageous price ratings fixed by governmental policies [5] . Moreover, considering the rapid development of Figure 1 indicates the schematic configuration of a grid-connected PV generation system, which will be coupled to the main power network through a step-up transformer. The SFCL and the SMES unit are supposed to be installed at the point of common coupling (PCC) between the PV system and the set-up transformer for the main network.
Regarding the fault transient characteristics of the PV system, a brief analysis without SFCL and SMES is firstly presented in this section, and in the following sections, the two superconducting devices' effects are analyzed in detail. Under normal condition, the maximum power point tracking (MPPT) control is used for the boost converter to ensure the PV system's operating efficiency. The transistors V T1 . . . V T6 denote the insulated gate bipolar transistors (IGBTs). The overall generated power from the PV system can be defined by:
P PV = P DC1 + P g (1) where P DC1 is the power flowing through the DC-link capacitor C 1 ; P g is the power inserted by the inverter to the PCC; P PV is the PV array output. Supposing that the power electronic converter loss can be ignored under normal condition, P PV is approximately equal to P g , and further it is obtained that P PV = P g = 3V g I g , where V g and I g are recorded as the nominal root-mean-square (RMS) value of phase voltage and phase current, respectively. Figure 1 indicates the schematic configuration of a grid-connected PV generation system, which will be coupled to the main power network through a step-up transformer. The SFCL and the SMES unit are supposed to be installed at the point of common coupling (PCC) between the PV system and the set-up transformer for the main network. When the short-circuit fault happens, the voltage over the PV generation unit will be dramatically affected, and the sudden voltage drop will reduce the grid-side power from P g to P gf . Note that, the current flowing in the fault resistance will include two components. One is from the PV generation unit, and the other is from the main network. If the fault resistance is relatively large and the high current is injected, the power maybe not reduced. If the fault resistance is relatively small (the most serious situation is R g = 0), the power will enforcedly be reduced even though the high current is injected. In general, the power will decrease during faults. Meanwhile, the DC/DC converter proceeds to transmit the PV array's maximum output power into the DC-link. In a mathematical method, the following equation can be obtained:
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where V DC1 and V DC1-f denote the DC-link capacitance voltage before and after the fault, and ∆t is expressed as the duration of the fault. Because of P gf = 3V gf I gf , the DC-link capacitor voltage under the fault is expressed as:
Owing to the drop of the PCC voltage, the power imbalance between P PV and P gf will be inevitably caused, and the DC link voltage will be enforced to increase sharply. In response to the PCC voltage sag, the inverter can adjust the reactive current for the voltage support. Thus, this section also suggests the control method of the inverter for the PV generation system. Regarding the VSI which plays a role in achieving the DC-AC power conversion for grid interface, it may use an external voltage regulator to generate the reactive current reference I qpv-ref , and the reactive current's mathematical characteristic can be expressed as [34] :
where the constant a is set as 2 and V PV is the PV voltage; I q is the reactive current and I n is the rated inverter current. In light of the required code, the VSI should provide full reactive current once the PV voltage is less than 50% of the nominal rating. The reference reactive current under the fault can be determined by I qpv-ref = I n × I q /I n , and then: 
Further, the active current reference I dpv-ref can be expressed as [54] : 
From the above-mentioned description and analysis, the control block diagram of the PV generation system's VSI can be shown in Figure 2 . From the above-mentioned description and analysis, the control block diagram of the PV generation system's VSI can be shown in Figure 2 . Figure 3a shows the schematic configuration of the flux-coupling-type SFCL [55] [56] [57] . This SFCL is mainly composed of a coupling transformer (CT), a controlled switch (CS) Scs, a superconducting coil (SC) and a metal oxide arrester (MOA). According to the CT's equivalent circuit, Figure 3b shows the SFCL's electrical equivalent structure. From this figure, the series and parallel connections among the coupling windings, SC, MOA and Scs become more intuitive. Figure 3a shows the schematic configuration of the flux-coupling-type SFCL [55] [56] [57] . This SFCL is mainly composed of a coupling transformer (CT), a controlled switch (CS) S cs , a superconducting coil (SC) and a metal oxide arrester (MOA). According to the CT's equivalent circuit, Figure 3b shows the SFCL's electrical equivalent structure. From this figure, the series and parallel connections among the coupling windings, SC, MOA and S cs become more intuitive. (0.9pu
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Configuration of the Superconducting Fault Current Limiter and Its Effects on the Photovoltaic Generation System
From the above-mentioned description and analysis, the control block diagram of the PV generation system's VSI can be shown in Figure 2 . Figure 3a shows the schematic configuration of the flux-coupling-type SFCL [55] [56] [57] . This SFCL is mainly composed of a coupling transformer (CT), a controlled switch (CS) Scs, a superconducting coil (SC) and a metal oxide arrester (MOA). According to the CT's equivalent circuit, Figure 3b shows the SFCL's electrical equivalent structure. From this figure, the series and parallel connections among the coupling windings, SC, MOA and Scs become more intuitive. In normal (no fault) condition, the CS is in the closed state and the SC is maintained in the zero-resistance state. Therefore, the CT's operating impedance Z ct will play a critical role on the SFCL's performance characteristic, and Z ct can be expressed as:
Sload
Iline
Scs
I
Supposing that k is the coupling coefficient with the expression of
and n is the transformation ratio with the expression of n = √ L ct1 /L ct2 . Thus, the CT's operating impedance can be rewritten as Z ct = jωL ct2 (1 − k 2 )n 2 /(n 2 + 2kn + 1). For k ≈ 1, Z ct ≈ 0, and the non-inductive coupling is obtained. As the MOA is connected in parallel with the CT, it can be identified that the MOA is "short-circuited". On this occasion, introducing the SFCL will have no influence on the main circuit and the PV generation system.
In the case of that the short-circuit fault happens, S cs will be opened rapidly, and meanwhile the MOA is able to suppress the switching overvoltage. The expected functions of the CS are to change the original electromagnetic property and invalidate the non-inductive coupling, and also the fault current in the SC will make the superconductor be quenching (The SC resistance is denoted as R SC ). The current-limiting impedance Z SFCL can be denoted as:
where I ct1 and I ct2 are the currents flowing through the CT's primary and secondary coils, respectively, and the relationship between I ct1 and I ct2 can be derived as:
.
I ct1
I ct2
From the Equations (8) and (9) , Z SFCL is rewritten as Z SFCL = [R SC + jωL ct2 + (knωL ct2 ) 2 /(R moa + n 2 ωL ct2 ). In view of R moa >> n 2 ωL ct2 , Z SFCL ≈ R SC + jωL ct2 can be approximately obtained. According to the expression of the current-limiting impedance, the suggested SFCL is a resistive-inductive type (hybrid type) SFCL, and the combined use of the resistive and inductive components may bring more positive contributions, such as inhibiting active and reactive power fluctuations, providing critical assistance to reliabilities and securities of power systems more effectively [58, 59] . In addition, considering the response speed of the CS will directly affect the rapidity of the current-limiting action, the conceptual design of a high-speed electromagnetic switch for the SFCL has been conducted, and this high-speed switch's response time can be less than 0.5 ms [60] .
For that the suggested SFCL is installed at the PCC, it will play its nature functions of suppressing the grid-side fault current and dissipating the surplus power, and considering the voltage compensation effects caused by the series current-limiting impedance, the PCC voltage during the fault can be enhanced to a relatively safe operation level. Therefore, the improvement of the PV generation's FRT capability can be realized. With respect to the SFCL's quantitative effects on the grid-side current, the following mathematical equations are obtained:
where ω f is the angular frequency of the grid voltage; L f is the filter inductance; subscripts d and q denote the d-axis and q-axis components; i df and i qf are the d-axis and q-axis components of the grid-side current. Based on the Equations (10) and (11), using the SFCL is able to suppress the AC currents flowing through the grid side. It should be noted that, introducing the SFCL can help to lower the demand of the reactive current provided by the VSI, and the SFCL's specific performance will be constrained by the inductance parameters of the CT as well as the SC's quench resistance and transient characteristic.
Structure, Control and Capacity Design of the Superconducting Magnetic Energy Storage for the Photovoltaic Generation
After the SFCL is controlled to play its role, the expected function of the SMES is to eliminate the unbalanced kinetic energy. As a result, the remaining power fluctuation during the process of the fault can be mitigated. The topology of bi-directional DC/DC converter for a superconducting magnet is shown in Figure 4 . The average power of the SMES in one switching period is controlled by adjusting duty ratio (D) of the switch S1 and S2. The duty ratio can be calculated by:
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After the SFCL is controlled to play its role, the expected function of the SMES is to eliminate the unbalanced kinetic energy. As a result, the remaining power fluctuation during the process of the fault can be mitigated. The topology of bi-directional DC/DC converter for a superconducting magnet is shown in Figure 4 . The average power of the SMES in one switching period is controlled by adjusting duty ratio (D) of the switch S1 and S2. The duty ratio can be calculated by: In respect to the control block diagram of the SMES unit, it is indicated in Figure 5 . The power regulator section calculates the required active power and reactive power, which should be supported by the SMES unit. Then, it generates the referenced d-axis and q-axis currents for carrying out the energy compensation. From the figure, two closed-loop power controllers are used to generate the current references 
where Kpv and Kiv are the proportional and integral coefficients of the voltage controller; Figure 5 , the virtual impedance ri is constructed to generate the high-bandwidth damping currents [61] . Both the low-band width and high-bandwidth capacitor current compensation are added to the current references, namely ωsCdvld, rivldh, etc. In respect to the control block diagram of the SMES unit, it is indicated in Figure 5 . The power regulator section calculates the required active power and reactive power, which should be supported by the SMES unit. Then, it generates the referenced d-axis and q-axis currents for carrying out the energy compensation. From the figure, two closed-loop power controllers are used to generate the current references i * d and i * q , and the active power and reactive power tracking can be achieved. Additionally, for the grid-connected inverter which achieves the AC/DC power conversion between the SMES coil and the main network, one important issue is the voltage phase angle detection, and herein it is performed by phase locked-loop (PLL) technique based on a synchronous reference. The mathematical equations of i * d and i * q can be expressed as:
where K pv and K iv are the proportional and integral coefficients of the voltage controller; V * ld and V * lq denote the capacitor voltage's d-axis and q-axis references. In Figure 5 , the virtual impedance r i is constructed to generate the high-bandwidth damping currents [61] . Both the low-band width and high-bandwidth capacitor current compensation are added to the current references, namely ω s C d v ld , r i v ldh , etc. Since the role of the SMES is to stabilize the transient behaviors of the PV generation system, the following equations can be obtained:
where PSMES denotes the power being responded by the SMES; ESMES is the stored energy in the superconducting magnet; PPV is the PV generation's output power at t; ΔT indicates the time interval of the power fluctuation; af is recorded as the coefficient of the SMES energy capacity constraint; PPV,max and PPV,min are respectively remarked as the maximum and minimum values of the PV fluctuation; bf is expressed as the coefficient of the SMES power capacity constraint; SMES P  is the change of the SMES power; t  is the time interval to assess the rate of change of the SMES power;
and cf is the coefficient of the SMES power adjustment rate constraint [62] . Although the SMES is able to absorb or release energy during the transient process of the fault, the magnet current ISMES may not change abruptly, and the relationship among the magnet current, stored energy and DC bus voltage can be expressed as:
where P * is the power order; and LSC is the inductance of the superconducting magnet. The SMES unit's maximum power will be also limited by the value of VCISMES. In the case of that the fault occurrence time is expressed as to, and the fault clearance time is remarked as tc, the energy which the SMES should absorb or release can be written as:
According to Equation (21), the introduction of the SFCL can help to reduce the capacity requirement for the SMES. In other words, for the case that the SFCL is not applied to dissipate a certain active power, the required storage energy in the SMES which is used to reduce the power Control block diagram of the SMES unit for achieving energy compensation. PI: proportional integral.
Since the role of the SMES is to stabilize the transient behaviors of the PV generation system, the following equations can be obtained:
where P SMES denotes the power being responded by the SMES; E SMES is the stored energy in the superconducting magnet; P PV is the PV generation's output power at t; ∆T indicates the time interval of the power fluctuation; a f is recorded as the coefficient of the SMES energy capacity constraint; P PV,max and P PV,min are respectively remarked as the maximum and minimum values of the PV fluctuation; b f is expressed as the coefficient of the SMES power capacity constraint; ∆P SMES is the change of the SMES power; ∆t is the time interval to assess the rate of change of the SMES power; and c f is the coefficient of the SMES power adjustment rate constraint [62] . Although the SMES is able to absorb or release energy during the transient process of the fault, the magnet current I SMES may not change abruptly, and the relationship among the magnet current, stored energy and DC bus voltage can be expressed as:
where P * is the power order; and L SC is the inductance of the superconducting magnet. The SMES unit's maximum power will be also limited by the value of V C I SMES . In the case of that the fault occurrence time is expressed as t o , and the fault clearance time is remarked as t c , the energy which the SMES should absorb or release can be written as: ∆E = a certain active power, the required storage energy in the SMES which is used to reduce the power fluctuation will be relatively larger. This is a critical reason why the combined use of SFCL and SMES is selected. Otherwise, the increase of the SMES capacity means that both of the converter and the SMES coil should increase in size, and the increased cost may be more than the cost of introducing the SFCL.
Assuming that the initial current in the superconducting magnet is defined as I SMES0 , the magnet current's mathematical expression will be indicated as:
In accordance with the Equation (19), the maximum power of the SMES can be calculated as:
To guarantee the operational efficiency of the SMES, the power P SMES at any time of the fault feeding process should meet the demand of P SMES ≤ P SMES-max . From the aforementioned theoretical derivation, the storage energy and power requirements for the SMES can be determined, and the superconducting inductance L SC can be obtained by the calculation of ∆E and I SMES-max (the critical current of the superconducting magnet).
Simulation Studies and Verification
Modeling and Parameters
In order to verify the effectiveness of the coordination control and assess the transient performance of the PV generation system, a detailed simulation model corresponding to Figure 1 is built in MATLAB/SIMULINK, and the main parameters are indicated in Table 1 .
In regard to the simulation model of the PV generation system [63] , a description is shown as follows. The PV array is used to deliver the maximum value of 100 kW at 1000 W/m 2 sun irradiance; the I-V characteristic and P-V characteristic can be shown in Figure 6 ; a boost converter (orange blocks) is used for increasing voltage from PV natural voltage (272 V DC at maximum power) to 500 V DC; Switching duty cycle is optimized by the MPPT controller; The voltage source converter (VSC) converts the 500 V DC to 260 V AC and keeps unity power factor; a 10 kvar capacitor bank is used for filtering harmonics produced by the VSC; a 200 kVA, 260 V/10.5 kV three-phase CT is used for connecting the PV generation system to the utility grid.
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Quench-starting time First recovery-starting time
Secondary recovery-starting time Figure 7 . Quench/recovery of the SC used in the SFCL. 
where Rn denotes the normal-state resistance of the SC; τ is the time constant. The SC's time-domain characteristic is stated as that, t0, t1, and t2 indicate the quench-starting time, the first In respect to the modeling of the SMES unit, it includes the coordinated controller, LCL filter, three-phase half-bridge VSC, chopper and superconducting magnet, and its main structure can be according to [67] . The VSC and the chopper use the standard models from the MATLAB model library, and the superconducting magnet is simulated by a non-resistive inductance model. For the specific FRT code which the PV generation system should follow, the Denmark code is selectively used in the simulations [68] . In the case of that the grid voltage drops to 20% of the nominal level, the PV generation system should remain the grid-connected state for a duration of 150 ms.
Simulation Study of the Symmetrical Fault
Supposing that a three-phase short-circuit fault happens on the main network, the detailed simulation conditions are defined as that: the fault occurrence time is set as t = 1 s; the fault resistance is R g = 1.5 Ω; the fault duration is 170 ms. Figure 8 shows the three-phase voltage characteristics of the PV system under symmetrical fault conditions. During the fault feeding process, the PV generation system's output voltage coupled to the AC side will decrease from 200 V to 36 V (peak value), and the rate of decline in the voltage can reach to 82%. Concerning this fault case, the PV system cannot meet the FRT code, and it will be enforcedly separated from the main network. nominal level, the PV generation system should remain the grid-connected state for a duration of 150 ms.
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Supposing that a three-phase short-circuit fault happens on the main network, the detailed simulation conditions are defined as that: the fault occurrence time is set as t = 1 s; the fault resistance is Rg = 1.5 Ω; the fault duration is 170 ms. Figure 8 shows the three-phase voltage characteristics of the PV system under symmetrical fault conditions. During the fault feeding process, the PV generation system's output voltage coupled to the AC side will decrease from 200 V to 36 V (peak value), and the rate of decline in the voltage can reach to 82%. Concerning this fault case, the PV system cannot meet the FRT code, and it will be enforcedly separated from the main network. Figure 9 shows the PV voltage and PV current profiles under the symmetrical fault. The PV voltage will slightly increase when the fault is feeding, and it will return to the nominal level after the fault is removed. The recovery time of the PV voltage is about 230 ms. Since the power of the PV panels is supposed to be constant during the time-scale of several seconds, the variation trend of the PV current is exactly reverse to that of the PV voltage. To verify the capability of the proposed coordination approach more comprehensively, four different kinds of simulation cases are considered, corresponding to that without auxiliary, with SFCL, with SMES, and with SFCL-SMES, respectively. In the four simulation cases, MPPT control is disabled during the fault, and considering the combination of without MPPT control and with SFCL-SMES, the transient performance of the PV generation system may be improved more efficiently.
Note that, although the comparison of the SFCL-SMES and the other traditional devices is not specifically given, the comparison of the four cases can be still meaningful. From the viewpoint of introducing a real or an equivalent current-limiting impedance into the main circuit, the effect of a SFCL is similar to that of a traditional FCL or a series compensator, and their major differences include topological structure, operation loss, response speed and economics. From the viewpoint of achieving a fast control of active and reactive power, the function of a SMES is similar to that of the other energy storage device (such as SuperCapacitors), and their major differences include energy storage materials, device configuration, lift cycle, response time and economics.
Therefore, if only the essential functions such as the current-limiting impedance and power control are taken into account, the comparison results of this paper can provide certain reference significance. If a more comprehensive comparison should be done to get more specific conclusions, the structural design, parameter optimization, cost analysis and economic evaluation need to be carried out. In a sense, they may be out of the scope of this paper. Figure 10 shows the characteristics of the exchange power at the PCC under the symmetrical fault. In the case of without auxiliary, the exchange power will decrease from 100 kW to 25 kW, and the 75% average drop in the exchange power can be obtained. From this figure, the power compensation effect of only using the SFCL is similar to that of only using the SMES, and the PCC power can be approximatively improved to the level of 70 kW. Obviously, the coordination control of the SFCL-SMES can cause the best compensation effect. During the symmetrical fault, the use of the SFCL-SMES can make the PCC exchange power be maintained at 96 kW, and the calculated drop rate is merely 4%. In addition, the use of the SFCL-SMES can help to accelerate the recovery of the PCC power, and the transient duration can be reduced. In consideration of these positive effects, the improvement of the exchange power can well enhance the utilization efficiency of the PV generation system. To verify the capability of the proposed coordination approach more comprehensively, four different kinds of simulation cases are considered, corresponding to that without auxiliary, with SFCL, with SMES, and with SFCL-SMES, respectively. In the four simulation cases, MPPT control is disabled during the fault, and considering the combination of without MPPT control and with SFCL-SMES, the transient performance of the PV generation system may be improved more efficiently.
Therefore, if only the essential functions such as the current-limiting impedance and power control are taken into account, the comparison results of this paper can provide certain reference significance. If a more comprehensive comparison should be done to get more specific conclusions, the structural design, parameter optimization, cost analysis and economic evaluation need to be carried out. In a sense, they may be out of the scope of this paper. Figure 10 shows the characteristics of the exchange power at the PCC under the symmetrical fault. In the case of without auxiliary, the exchange power will decrease from 100 kW to 25 kW, and the 75% average drop in the exchange power can be obtained. From this figure, the power compensation effect of only using the SFCL is similar to that of only using the SMES, and the PCC power can be approximatively improved to the level of 70 kW. Obviously, the coordination control of the SFCL-SMES can cause the best compensation effect. During the symmetrical fault, the use of the SFCL-SMES can make the PCC exchange power be maintained at 96 kW, and the calculated drop rate is merely 4%. In addition, the use of the SFCL-SMES can help to accelerate the recovery of the PCC power, and the transient duration can be reduced. In consideration of these positive effects, the improvement of the exchange power can well enhance the utilization efficiency of the PV generation system. Since the working principle of the SFCL is to insert the series impedance, the voltage compensation effect of the SFCL is better that of the SMES, and the PCC voltage can return to 49.1% of the nominal level. Regarding the coordination control of the SFCL-SMES, it absorbs the two devices' merits and makes the voltage be increased to 55.6% of the nominal level, and the PV generation system can undoubtedly achieve the FRT operation.
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Simulation Study of the Asymmetrical Fault
In order to study the transient behaviors of the PV generation system under the asymmetrical fault, a double-phase (A-phase and B-phase) ground fault is supposed to happen on the main network. MPPT control is still disabled during the fault, and the other simulation conditions are the same as the symmetrical fault. Figure 15 shows the PV generation system's three-phase voltages under the asymmetrical fault. Based on the simulation results, the three-phase unbalance will be very obvious. Among the three phase voltages, the B-phase voltage will have the lowest amplitude level. As affected by the fault, Regarding the SMES unit's active power, reactive power and magnet current under the symmetrical fault, the simulation results are indicated in Figure 14 . It is found that introducing the SFCL can reduce the capacity requirement for the SMES, and this simulation conclusion is in agreement with the theoretical analysis. The SMES unit will absorb the active power and release the reactive power under the fault, and the magnet current is maintained at a stable level. Considering these crucial operation characteristics of the PCC voltage, PCC power, PCC current and DC-link overvoltage, the coordinated control of the SFCL-SMES can be regarded as an efficient and feasible approach to improve the PV system's transient performance under the symmetrical fault. Regarding the SMES unit's active power, reactive power and magnet current under the symmetrical fault, the simulation results are indicated in Figure 14 . It is found that introducing the SFCL can reduce the capacity requirement for the SMES, and this simulation conclusion is in agreement with the theoretical analysis. The SMES unit will absorb the active power and release the reactive power under the fault, and the magnet current is maintained at a stable level. Considering these crucial operation characteristics of the PCC voltage, PCC power, PCC current and DC-link overvoltage, the coordinated control of the SFCL-SMES can be regarded as an efficient and feasible approach to improve the PV system's transient performance under the symmetrical fault. 
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In order to study the transient behaviors of the PV generation system under the asymmetrical fault, a double-phase (A-phase and B-phase) ground fault is supposed to happen on the main network. MPPT control is still disabled during the fault, and the other simulation conditions are the same as the symmetrical fault. Figure 15 shows the PV generation system's three-phase voltages under the asymmetrical fault. Based on the simulation results, the three-phase unbalance will be very obvious. Among the three phase voltages, the B-phase voltage will have the lowest amplitude level. As affected by the fault, the B-phase voltage's peak value will decrease from 200 V to 40 V, and the calculated rate of decline in the voltage can reach to 80%. In respect to the A-phase and C-phase voltages, their rates of decline are about 17.5% and 32.6%, respectively. Figure 16 shows the PV current and PV voltage profiles under the asymmetrical fault. As the asymmetrical fault is usually less serious than the symmetrical fault, the fluctuations of the PV voltage and PV current under the asymmetrical fault will be relatively smaller, and the recovery time of the PV voltage is reduced to 120 ms. Figure 16 shows the PV current and PV voltage profiles under the asymmetrical fault. As the asymmetrical fault is usually less serious than the symmetrical fault, the fluctuations of the PV voltage and PV current under the asymmetrical fault will be relatively smaller, and the recovery time of the PV voltage is reduced to 120 ms. Figure 16 shows the PV current and PV voltage profiles under the asymmetrical fault. As the asymmetrical fault is usually less serious than the symmetrical fault, the fluctuations of the PV voltage and PV current under the asymmetrical fault will be relatively smaller, and the recovery time of the PV voltage is reduced to 120 ms. Figures 17-19 show the PV generation system's PCC power, PCC voltage and DC-link voltage under the asymmetrical fault. In a similar way, the four different cases are taken into consideration, and they are corresponding to that without auxiliary, with SFCL, with SMES, and with SFCL-SMES, respectively. In the event of without auxiliary, the PCC power will decrease from 100 kW to 70 kW, and the use of the SFCL-SMES can maintain the power balance and reduce the power fluctuation as best as it can.
In regard to the PCC voltage sag during the fault, the use of the SFCL-SMES can make the B-phase voltage sag be limited to 59% of the nominal level. Meanwhile, the A-phase and C-phase voltage sags can be also compensated to a certain extent. Note that, since the SMES unit's major function is to adjust its active and reactive power for eliminating the power fluctuation in this study, its specific effect on reducing the imbalance in the three-phase voltages may have a margin for improvement. As one of the future works, the control of the positive, negative and zero sequence components of the reactive current may be appreciatively introduced, so as to make that the SFCL-SMES can deal with the asymmetrical fault and mitigate the three-phase imbalance more efficiently. In light of the dynamic response characteristics of the DC-link overvoltage under the asymmetrical fault, its peak value will respectively increase to 680 V, 600 V, 598 V and 522 V in corresponding to the conditions without auxiliary, with SFCL, with SMES, and with SFCL-SMES. It is found that the DC-link voltage has the best smoothness properties when the SFCL-SMES plays its expected role. Figure 20 indicates the operation characteristics of the SMES unit under the asymmetrical fault. In accordance with a similar way under the symmetrical fault, the SMES unit absorbs the active power and releases the reactive power under the asymmetrical fault. It should be noted that the specific power requirements for the SMES unit under the two faults are different. Regarding the symmetrical fault, the active and reactive power orders for the SMES unit are 24.9 kW and 40 kvar, respectively. Concerning the asymmetrical fault, the active and reactive power orders for the SMES unit will be reduced to 18 kW and 30 kvar, respectively. In a sense, the optimization design of the SMES capacity will be critical, and the power requirements under different fault conditions may be fully taken into account. In regard to the PCC voltage sag during the fault, the use of the SFCL-SMES can make the B-phase voltage sag be limited to 59% of the nominal level. Meanwhile, the A-phase and C-phase voltage sags can be also compensated to a certain extent. Note that, since the SMES unit's major function is to adjust its active and reactive power for eliminating the power fluctuation in this study, its specific effect on reducing the imbalance in the three-phase voltages may have a margin for improvement. As one of the future works, the control of the positive, negative and zero sequence components of the reactive current may be appreciatively introduced, so as to make that the SFCL-SMES can deal with the asymmetrical fault and mitigate the three-phase imbalance more efficiently.
In light of the dynamic response characteristics of the DC-link overvoltage under the asymmetrical fault, its peak value will respectively increase to 680 V, 600 V, 598 V and 522 V in corresponding to the conditions without auxiliary, with SFCL, with SMES, and with SFCL-SMES. It is found that the DC-link voltage has the best smoothness properties when the SFCL-SMES plays its expected role. Figure 20 indicates the operation characteristics of the SMES unit under the asymmetrical fault. In accordance with a similar way under the symmetrical fault, the SMES unit absorbs the active power and releases the reactive power under the asymmetrical fault. It should be noted that the specific power requirements for the SMES unit under the two faults are different. Regarding the symmetrical fault, the active and reactive power orders for the SMES unit are 24.9 kW and 40 kvar, respectively. Concerning the asymmetrical fault, the active and reactive power orders for the SMES unit will be reduced to 18 kW and 30 kvar, respectively. In a sense, the optimization design of the SMES capacity will be critical, and the power requirements under different fault conditions may be fully taken into account. 
Optimization Method for the Superconducting Fault Current Limiter-Superconducting Magnetic Energy Storage
From the aforementioned simulation results, the coordinated control of the SFCL-SMES is able to play an efficient role in improving the PV generation system's transient performance under the fault conditions. In principle, the introduction of these two superconducting devices will increase the investment costs, and meanwhile it should be noted that, the enhancement of the PV system's transient performance can as well cause some considerable benefits, such as the reduction of the 
From the aforementioned simulation results, the coordinated control of the SFCL-SMES is able to play an efficient role in improving the PV generation system's transient performance under the fault conditions. In principle, the introduction of these two superconducting devices will increase the investment costs, and meanwhile it should be noted that, the enhancement of the PV system's transient performance can as well cause some considerable benefits, such as the reduction of the DC-link overvoltage for protecting the capacitor, improvement of the PCC power for ensuring the utilization efficiency of renewable energy, stabilization of the supply load for avoiding the energy outage. All of these benefits resulted from the SFCL-SMES can translate into economic values [69] . Therefore, it is meaningful and valuable to carry out the optimization design of the two superconducting devices, and studying how to guarantee the techno-economics of the SFCL-SMES may become critical. In this section, a preliminary parameter optimization method is suggested.
In respect to the SFCL optimization, it has two optimization objectives. One is the kinetic energy in the DC-link capacitance of the PV system during the faults, and the other is the energy loss of the flux-coupling-type SFCL. Therefore, the decrease of the fault current, the alleviation of the DC-link overvoltage, and the compensation of the PCC voltage sag can be obtained. The FRT capability enhancement of the PV generation can be expected.
As studied in the Equation (2), the stored kinetic energy of the DC-link capacitance during the fault can be expressed as:
From the expression of the SFCL's current-limiting impedance, its energy loss during the fault can be calculated as: 
where i(t) is the current flowing through the SC. After the suggested SFCL plays the role, the SMES unit is used to eliminate the unbalanced kinetic energy. Consequently, the remaining power fluctuation of the PV generation system can be mitigated. For the SMES unit, the minimization of the integral absolute error (IAE) of the power deviation at the PCC (∆P PCC ) is regarded as the optimization objective, and it can be expressed as:
|∆P PCC |dt (27) where t i is the initial time of simulation analysis; t s is the stop time of simulation analysis. Considering that the SMES unit's initial stored energy is expressed as E SMES-ini = 0.5I 2 SMES-ini L SC , the initial magnet current I SMES-ini and the magnet inductance L SC can be optimized, so as to make the stored energy be enough to deal with all of the fault cases.
In combination of the aforementioned four optimization objectives, the completed optimization function of the SFCL-SMES can be defined as: The control effect of the optimized SFCL and SMES can be compared to the optimized SFCL or the optimized SMES.
The optimized parameters of the SFCL are performed by:
The optimized parameters of the SMES are conducted by:
Subject to constraints (1) , (3), (4), (5), (6), (7) (30)
For the sake of solving the optimization problem, different intelligent algorithms [70] [71] [72] [73] can be used to achieve the optimization results. The comparison of multiple intelligent algorithms can help to enhance the credibility of the optimization results, and further the assessment of the cost and economic performance will become more reliable. Note that, the expected purpose of this section is to show a preliminary optimization idea and provide a possible research direction for our follow-up works. In consideration of the capital and maintenance costs caused by the superconducting materials and cryocooler, it is significant to improve the economics of the SFCL-SMES and promote the real application. The detailed optimization and design will be carried out in the near future, and the related results will be reported in later articles.
Conclusions
This paper proposes and studies the coordinated control of a flux-coupling-type SFCL and a SMES unit, so as to improve the transient performance of a grid-connected PV generation system under the symmetrical and asymmetrical faults. Both of theoretical derivation and simulation analysis are carried out. On the basis of that MPPT control is disabled during the faults, four different cases including without auxiliary, only with SFCL, only with SMES, and with SFCL-SMES are compared in detail. Moreover, a preliminary parameter optimization method is suggested for the SFCL-SMES. According to the demonstrated results, the authors draw the following conclusions:
(1) The single use of the SFCL has a better effect on limiting the fault current, but weaker effects on the power compensation and DC overvoltage inhibition. The single use of the SMES can provide flexible power compensation, but it has a larger capacity requirement and a weaker effect on improving the voltage sag. In contrast, the coordinated control of the SFCL and the SMES can offer the best comprehensive performance. The combination of without MPPT and with SFCL-SMES can more efficiently improve the PCC voltage sag, inhibit the DC-link overvoltage and alleviate the PV system's power fluctuation. Thus, the PV system's robustness against short-circuit faults can be well strengthened. (2) Regarding the SFCL-SMES, its specific effect on reducing the imbalance in the three-phase fault voltages may have a margin for improvement. As one of the future works, the control of the positive, negative and zero sequence components of the reactive current may be appreciatively
